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PRELIMINARY PERFORMANOE ABALYSIS
OF THE PULIE-DETOMATION-JBT ENGINE SYSTEM

24 July 1952

FOREWORD

This rogort,wua prepared by the Aerophysiss
Development Corporation under U,5. Alr Foree Con-

traot Number AF 23(616)-37. This is the seocond
qnartor%iyprogronn report of the work sompleted

by 18 Ju £ under the research and development

econtraot identified by Expenditure Order ¥o, R-467-

4 BR-le The report is the sesond of a series to be

issued on this project, the first having bdeen pud-

1ished on April 1, 1962, the third due on October

24, 1952, and the last and final report due on Jan-

uAry 24, 19523, e -

Inoluded among those who sooperated in these
preliminary studies is J, Beggs, who worked on the
preliminary design and preliminary layouts of the

engine,
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ABSTRACT

In order to carry out & realistic performance
analysis of the pulse-det-Jet syatem, the configura-
tion shown in Figure 1 was assumed. The detonation
tubes are arranged in 6 oconcentric rows cf 32 tubes
sagh, giving an engine dlameter of 34 inches., The
length of the tubes is 15 inches and the overall
length of the engine is 55 inches. The dry weight is
about 900 lbvs,

In order for the engine to0 operate at the maxi-
mum oycle temperature of 3500"F, the most suitable
structure was found to be an uncooled tube assembly
conatructed of sultable high temperature materiels.

A number of alternate systems, including cooling,

wers explored, It was found Enat_air ocooling requires
an abnormally largs amount of fin ares on the outside
of the tubes; liquid cooling reguires & large radistor,
Ziroonium Boride or Graphite promise to be the most
suitedble materiasls for unocooled tube strustures. Cal-
oulations indicate thet they are sufficiently thermal
shock resismtant for the operating conditions of the
engine, - Graphite coated with molybdenum disilicide

or silicon carbide, to prevent oxidation, is commeroiasl~
ly availsable. Ziroonium Boride is being made on a
laboratory scale and has shown outstanding performance
in small rooket nozzles.

The experimental apparatus for initiating & deto-

nat ion wave by means of a shook wave has been set up
and some preliminary experiments have been initiated.

This engine cohfiguration shows its greatest
promise as & uo;potitor to the ram-:oﬁ?'“f% oA teiiver

ag’'m her Mach Kumbers
at a ' an t the same
me, provide static thrust and power celerate

from teke-off to high supersonic cruising speed,
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INTRODUCTION

The firat gquarterly progress report (Reference 1) gave
the preliminary performance for the simplified oycle of the
Pulse-Det~Jet. Relations for the speoifisc fuel consumption,
thrust per unit area, and pounds of thrust per pound of alr
per second have been caloulated for subsonic flight Mach
Numbers over a wide range of preasures and temperatures. A
second series of computetions was ccrried out, inocluding the
inlet and duot friotional losses. The performance was com-
puted and plotted against the following parameters:

(a) _L - length/diameter ratios
(b) X, - flight Fach LFumber

(6) ¥y - dust Yach Number

(d) Ty - maximum oycle temperature

Thege first computations determined some of the critical
slements of the propulsion system. They are:

(1) The initiation of detonation

(2) The design of the velve end timing mechenism
(3) Grouping of tubes in one unit

(4) Estimation of burning time

(5) Estimation of valve opening and elosing times.

The work reported herein is & continuation of the
research reported in Reference 1.

vi
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SECTION I
PRAELININARY AVLIYSIZ OF ale BlLG1Ls COLFIGURATICH

1.1 Applications of the ancine

The application of the engine will determine its uctual
forr: and performeance. It is felt thot the spplications of
tris engine will be many and varied. In order to simplify tne
prelininary rerformtnce estimation, a specific type wes con-
ajidered. Thls permitted an enalysis of the valve confi-~urutlion,
tue valve chersoteristics, and tie effect of t.e valve on the

performanoce.,

Promising apprlications of t.las engine appear to be o8
follows:

1. DPower Pack
2., uided isslile Power Frlent wit!o statie 7 irust
(e) Jubsonic
{(b) Supersonie
Je Adreraft rowerplant
() Subsonie
{b) Supersonic

4., Hhelicopter Propulsion

¢ Combustion Cnawber or ifterburner for a Tarbo-Jet
Jurner for s Run-Jet

7. Jtctionury nine as an suxiliary rower Flant

It was decided to conuider an engine capable of propelling
& ~uided missile from zero flignt sgeed to a oruising “ac: Kumber
of 2,80, The cholce of tliese {lignt speeds does not preclude
nut these are tne limits, but only sets down a Jdefinite applica-
tion for tne rulse-let-Jet. For wny other application, tis con-
fi,wration will nave to be modified to suit tane requirements.

1.2 Preliminzry Desimn Lavouls

The mecn&anical design layouts of a typleal en;ine endbodying
tue pulse detonstion cycle had to be considered in order to
deterrine ti.at tnere were no obvious meonanical ;roblems that
could not vbe solved., The mechaniocal desi~n was not considered
i1n detail, but only generclly. This was also necessary so
that more realistic vaslve churacteristics could be etlculated.
“Le mechinical grouping of the tubes wes olso a governing
factor affecting the efficiency of the dischargse and scuvens-
ing phuses., 4s is shown in Section III, tuese preliminary
design conslderations have indieunted that the heat transfer
problem in the cooling of the tubes and t..e whole ensine is a
ma jor one for an engine of high specific thirust, and that ti.e
most promiming solution is to construet the tubes frov ceramiec
materials cr coated graphite.

1
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Consideration on the preliminary design layouts went
along hend-in-hand witi the preliminary performince caleuwla-~
tions. lany designs were considersed for tie vulves, inelud-
ing flap, cutterfly, venetien blind, sleeve und rotating
plate types. At firgt it wus deoided tinut eneh individual
tube have its own valve. This would be necessary when tne
tube is used to power a nelicopter rotor, but when & number
of tubes are nested in a group, tne mechazniam of operating
znd timing each single valve becomes too cumbersome and com-
plicated.

It has been noted (Heference 1) thet short closing and
opening times are required and tnerefore vioratory motions
were considered for the valves. On the other hand, the
large agcelerations recuired for opening and closing necessi-
tated the use of very heavy and cumbersome springs. The
rotating sleeve-type valve on a single tube with inlet and
disoharge openings arranged in slots on the tube wall requir-
ed high rotational speeds und presented too large & bearing
surface,

. The drum type valve with the tubea arranged cround its
periphery and diseharging through slots perpendicular to t:.e
tube axes showed the most promise. This configuration was
soon discarded Aue to its inherent disadvantase of limiting
the arrangement of the tubes to one row. The ratio of tue
total oross sectional eres of the tubes to the maximum cross
sectional area of the engine was too small (139. 265.) .

This led to a second design configpuration {(3ee Fisure 1),
where the alr flowed straight througnh tne tubes and eacn
valve took the form of a rotuting dise wita cutouts., .Jitn
this arrangement, up to 60, of the maximur cross seectional
area of the engine could be utilized as combustion chumber
aresa.,

The meximum tip speed of the rotating valves was set at
750 ft?sec. The cutouts in the valves were arrangsed so that
diametrically opposite tubes were discharging st the same
time, producing & force balance about the center line of tne
engine, Each tube oycles twice for each revolution of the
valve. This determines the length of tihe tubes to be 1b
inches. The dismeters of the tubes were xept os small as
ggaaible in order to keep the cut-off times as snort as possi-

e,

The speed of the valve and the number of oycles for sach
valve revolution determines the duration of a cycle., The
duration of a oycle determines the length of the detonation
tubes. For a two-oycle vulve (each tube cycles twice for eesch
valve revolution) and a given tube length, the angle subtended
by each tube determines the time required for the tude to open
and to close. The ratio of the time the tube is opening and
closing to the time the tube is fully opened determines the
emount of air that actually flows into the tube,

PR o ¥ R
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Cuse (a) The lower limit of the tube lengths, for
an engine with a two-cycle valve with an
upper limit of 760 fps on the valve tip
speed, 18 15 1nches,

Thisg tube lengsth cun only be reducen by
huving the tubes cyele more taan twice

for each valve revolution. since a force
balsnce is necessary about tne centerxr

line of the ¢ngine, only an even number

of cycles per valve revolution can be used.

Case (b) The lower limit of tue tube lenpgtns, for
an engine witih a four-cycle valve wit. an
upper limit of 750 fps on tue valve tip
apeed, is 77 inches,

For Case (a) tae ratio of the tire tue valve is fully open
to the total tire the valve i3 opened is 0,770; for Case b,
the ratio is8 V.59, The masga flow for Case (&) is 86.9%% of tne
mass flow of & theoretical engine uaving wvalves thnat open and
close disgcontinuously. Tihie mass flow for Case (b) is 74.5  of
that of the tneoretic.l engine., The tanrust of tie enpins of
Case (b) i3 89, of thut of t.e wcuyine operatin, under tue con-
ditiona of Case {«). The engine weight of Cage (b) is onl; B9
of tne weipght of the enygine of Cuse (a). Jince only a very
8ligcnt gain 1s obtaineuw in tarust/weignt ratio by usins tie 7}-
inch tubes, the recuiretent of nnving t.o larger thrust irom
the 15-irch tubes becornes more importunt. VYFor mexirum t:rust,
15 inches 13 the optimum lensta for tue tudes of tnis enciua,
Cn tae other hand, it may ve prrctic -l to alr cool t.e s.orter
tubes and Tor other &pplicrtions tuis may dSe & determining
factor.

Preliminzry ueat tranafer caleulutions s.ow t.ut soprox.-
rmately eizht times tie swface area ig re-uire: for .ins on t:.e
outsice of each tube to cool tl.e wall to 1000° F wien t:ie maxi-
mum oycle tempereture is 35009 F, T.is leads to a very uneavy
construction for eucii tube, and it also nececssitutes moving t.e
tubes farther apart, giving o poor nesting errangement. Tiguid
coolins reuired & very large radictor e&nd a largse mess flow of
lijuid. It was deciled, tiercfore, to consiler ceramic raterisls
for tue tubes, such es stubilized zirconium oxide or srap.itar.
Seotion III gives a complets discussion on the coolin_ nrodle:,
The allowable maximum pressure level in %t.e tuhes, basedl on
stress considerations, will determine tie neixinwe Yuel Lumber
for esch tltitude.

The valves, on the other hand, nust be cooled and, since
the fuel must be heated in order for it to vaporize on inlection
into the air, fuel cooling is used on the valves. The fuel will
be brought into a header et the front of the cngine,where it
will be ullowed to flow spirully around, and towards t.e rear
of,the engine, It then will de dusteu t.urougih struts to t.e

badiabiadd J "y
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exial shaft, then into the rear valve. It will then flow
forward through the shaft into the front wvalve and then to
the fusl nozzles. The pressure in the fuel system will de
such that the fuel will remain in the liquid form through-
out its passage. 4iAs soon as the pressure of the fuel 1is
reduced upon {ts injection into the air stream, the fuel
will veporize., Veaporized fuel will be necessary to support
detonation,

The source of power with which the valves are to be driven
has not been definitely decided upon, The following methods
have been considersd:

1., Turbine driven by some of the exhaust gases
2., Turbine driven by the inlet geses

3. Auxilisry turbine driven by & gas generator
4, ,Luxiliery powerplant

The method finally seleoted will be detormined partially by the
system used to govern the speed of velves, It will be necessary
to control the valve speed reasonably accwately. The calowla-
tions so far have indioated that the valve speed is a function
of the square root of the inlet total tempersture.

The solid portion of the exhaust valve is hollowed out to
permit the feed-baok of the high pressure and temperature gases.
The dust in the exheust valve is positioned such that it inter-
connects the tubes whicnh are at a high pressure to tne tubes
that are ready to be ignited. In tals way, a very strong shock
wave is formed end propogated through the fuel-air mixture.

Spot calculations show that & pressure ratio of about 4 to 5

can be obtained soross the shoeck weave with this ceross-feed.

This cyole will be investigated and reported in the next progress
report.

Figure 1 shows an artist's conception of the engine exploded
to the main sub-asssmblies.

4
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’ 3ECTION II
PERFORMANCE ANALYSIS UF PREGENRT CONFIGURATIOK

2.1 (Cycle of Operation

The baaic ocycle wes described in the previous progress
letter (Reference 1). The votuul cyocle of operction is only
slightly modified due to finite out-off times. Figure 5 shows
the wave diugram on a time-distance plot. The .ressure in the
tube i3 allowed to drop during the discharge pnhase to a prede-
termined value, less thun the inlet rum pressure. ihen the
inlet valve opens (start of scavencing) &« compression wave is
formed whicihh travels down the tube uecelerating the burnt gases
| to the renuired iach Number. The fresn fuel-air mixture is
admitted &t the front end, while tne burnt mixture is ejected
axially out the bacl,

\
|

Tne guock wave produced during the pulse compression pnase
will be used to ignite or detonate the fusl alir mixture,
Actuslly, this wave is relutively weak (presaure ratio =~ 2.0)
ent tnerctore an easily detoncble fuel will nave to be injected
into the front end of the tudbes, while the remuinder will con-
tein the reguler fuel. an alternate metnod of detonating the

’ fuel is &t present being studied, but tne oyole caleculutions
nzve not yet been completed. Briefly, this metiod uses tne .ot
high pressure guses from a tube tinet hus been previously fired
and ducts them back througiu the exatust velve into a tube wnich
is ready to be fired. This produces & very atrong shock (pressure
rutio =~ 4 or 5) and also produces a much nigsher meximum cycle
pressure. .jowever, this full pressure is not realized for the
discucrye, since the pases are fed buck to ignite anotuer tuve,
The first preliminary calculations show that tiie turust is not
chinged from the busic oycle end the specific fuel consumption
is only slightly inoreased, but tne advantage gained by having:
& strong Bsunock present maxes tiuis type of cycle preferasble over
thie basic cycle describded previously. Furtuer investigations
of tnis cycle are being continued.

.2 lon-3tautionary Flow Process During the Lischarse Fhuse

Simplified investigations were acrried out on the non-
stationary flow process to determine the zctual duration of a
cycle for given inlet oonditions.

The following cssumptions were mrde in order to compute
the wive diagram for the discaurge puase:

ll 1. {he exheust vslve is opened instuntly
2. OUne-dinensional flow is considered only
(Straiysiat duet fore wund aft of exucust velve)
The procedure followed for the culeulutions wus that given by
Guderley in Reforunce £. Tiie wave diegram is sicwn in Figure
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where 2 ® velooity of sound

w = particle velooity
and the oonditions in state (7) are those existing in the tube
Just before the sxhaust valve is opened.

By the use of the above equations, the valuss for Aand ucan
be found for esch point on the characteristic net.

The inlet valve (whioh is closed) is looated at position A;
the exhaust velve (which 18 opened) is looated at position B,
(See Figure 2j. Along the inlet JYalve the C charaoteristica are
reflected and they decome the C~ charscteristios and therefore A

s at the inlet valve, Yor any state (i), solving the previous
equations, we get

a; At (r-1)+1

,;7=[ ta (1-9 ] ----------- --(5)
1
but —E—‘- 3 (j-i—)":r ------ e an os - - - (6)
Py ay
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Figure 3 gives the velue of M Py /Do for sac.: point of
reflection, The nunbering on etch noxnt on the churacteristiio

net is arbitrary.

For given conditions in the combuustion caumier Just ,rior
to the disounarge phage und for & iven presgure &t the inlet valve,
the time requiread for discnaxrce doun to tuls pressure con bhe found '
from Figures 2 and 3. Tne distunce A 3 is scaled off to equsl the
length of the combustion tube. Using the same scule, the dis-
taence from the orisin to tihe correct index point measured along
the time axis is found. 1hiy number is tlen divided by a, (using
consigtent units) to give the time re-uired for tle pressure to
drop from Pp to Py ot the inlet velve. The tine obtuined for t.e
discher;e phase in this munner canecks to witiin 1; of tie time com-
puted by steady flow mothnoda.

Typieul case for L, = 2,00 Ty = 3960° R
87 = 2955 ft/sec pi/p7 = 0.UY0T

T Discn. (wtendy) = 0.001b7 sees.

Moz 1,64 T bisch, (non-utat.) = 0,00156 sees.
Tie pressure at tre end of t.ue discunrse phase will be 1etermin-

ed by the flow velocity rejuired for sowvencing., It will be wssumed

that the inlet valve opens inatantaneously.? 7ne »reasure rotio

soross the inlet volve wil SUTIT thaetl wioenm tue vilve opens & wave

conficuration is formed wiic: accelerstes tie new fuel-alir rmix ure

to Vs » 0,6, The pressure in front of thie vilve is tue “ctul .rossure

of the iniet uir. lppy). ae wav: confipurction for-e. s boe open-
ing of tue inlet vulve is siown on Jiqure 4. Tre v.olve im locetad
at point ~. Tue vilve ovens at T= o, 4 tyniccl case
| T
INTERFACE y -
NEW FUEL ~AIR X\ . =0
. AVTLIRE v Vo = Vs
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Ve =V, - <%—') | 2a;
C t[(m)% + (6'-')]
P, . P =
T%" I.70 .o -é?— 2.7

2,3 Wave Diagram for a Cyscle

The non-stutionary wave diagrams were drawn by using the
assumption of linear variations &s the valves opened, The
aeceleration of the interfase between the burnt and new mixtures
was assumned to take plasce through & compre¢ssion wave having a
pressure ratio of 1,70. This strength of wave produces a flow

ach Number in the tube of O.6. The compression wave was divided
into five parts (or characteristiocs), eaoh characteristio in-
oreasing the interface velocity dy 1)5 of the final velooity to
give & final Xach Number of 0.6 in the new mixture. The stopping
of the fluid particles and the formution of the shook weave by

the exhaust valve is computed in the same way., IFor these compu-
tations and for tubes of 15 inches in length, the time for con-~
stant volume burning was assumed to be 0,001 seocs., for Mgy s 2,80,
For any of the other flight Mach Numbers (My), tie rotutional
speed of the valve was computed from the scaverging and the pulse
compresaion phases of tne oyocles. By making the opening and cloe-
ing times of the valves coincide with the arrival of the waves

in these phasea, the dwation of the total oyole was obtained,

This automatically determined Tamws 2nd Towen , &nd it was found that
they very nearly coinocided with the theoretiocal duruition of the
phases, The aotual time available for discnarge was a few percent
longer then that determined by theoretiesl oaloulation. Sinoce

this would e finael pressure in the tude after
disctix¥ge, and since it mean n
that required in the tube to initiate scavenging, it was folf Lust
thig _would not be detrimental to the cycle of operetioN, At the
same " . : ¢ Tne

time availabdble for bdburning, of oourse, varied with the walve

speed, but, since the time required for dburning was only an assump-
tion, it was felt that the variation with Maoh FKumber ocould de
tolerated until mare definite experimental results proved other-
wise. Therefore, the physical wvalve oconfiguration remained the
same, while onl the va ve speed varied in accordence to the time

of arrival of the interface of the new mixture to the exhaust

velve and the pulse compression wave., (See Figures 5 to 9),

Since these wave speeds depend on the velooity of sound of the
inooming air, then the rotationel speed of the valve depends

only on the aguare root of the inlet total temparature,

The wave dlagrams shown on Figures 5 to 68 were camputed from
the conditions of the 1noom1ng air and the tube lengths, usi
the method demorided adove, Figure 9 shows the wvalve timingngile
5rn:: which give the angular dimensions of the open and closed
porvions.
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2o4 Perfommanse Analyeis of Engine

The duration of the oyole for eaoh fligsht velooity was
taken from the wave diagrams (Figures 5 - 8]. The velooity and
pressure of the seavenged burnt gasea was computed and the
impulse obtained from this discharge was ovdded to makxe up the
gross impulse produced by the engine. The intake impulse was
sudtracted to give the net impulse produced, The tirust was
obtained by dividing the net impulse by the durations of the
oycle obtained above., In ecuzloulating the thrust, the follow-
ing sassumptions were made regarding diffuser efficienecy:

Total Pressure Ratio Speed
1,00 0< l°< 1.0

90 Mg =2
065 Moy =2,80

4 smooth curve was assumed between M, = 1 and 2.80

The apecifio fuel consumption was oamputed by means of
Figure 10. The difference between constant volume burning and
oonstant pressure burning can be meen by comparing Figures 10
and 11. For the same fuel ratios, there is a smaller temperature
rise for the constant pressure curves than there is for the con-
stant volume ourves. Both of these curves were computed from
the data given in the tables and charts in References 3 and 4,
The effect of dimmooiation at the higher temperatures is con-
sidered in these curves,

The performanceé curves were caloculated fopr three maximum
oycle temperatures (corrected for altitude): ® 1960°R,
23600R and 3960°R. The actual maximum oycle temperature at any 1
altitude ocan be found from the appropriate value of § at that
altitude. Figure 16 gives a table of the actual temperatwres
for various altitudes for each of the above corrected tempera-
turesa, )

The maximum design prta‘ura differential between the out-
side and the inside of the tubeas is 500 psi (See Section III),
This maximun design pressure was reduced by a factor of 1.80
in order to take care of the instantaneous loeal high pressure
that is present immediately behind a detonation wave. In com-
puting the design pressure differential for the tubes, it was
sssumed that the maximum oyole temperatures remained below
4500°F, The ambient pressure is equal to the ram pressure for
sach flight Mach Number, The maxizmum Mach Kumber for eash
altitude was computed cnd plotted on Figure 18, teking into
agoount the above pressure and temperature limitations,

* __The drag coeffiolent of a typicel large missile is plotted
on Figuro 17{a). The missile has & ground launch weight of
52,000 pounds, with a wing area of 425 square feet. Figure 15
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shows the variation of thrust coeffiocient of a puise-det-jet
engine of 34-inoh diameter., This engine could be mealed up
or down in sisze but, for simplicity's sake, let us conside
the performance attainable with four of those 34-ing
welighing a total of about 3600 pounds. Thi .
is about half that of tardo-—jets—with-atéerdurner HEVY
same thrust at high supersonic speeds. It will be noted
(Figure 16) that this system has suffioient excess thrust to
accelerate through K = 1 at sea 13;01 bi operating at a maxi-
mum ocyole temperature 7 s 300097, The maximum cruising
speed at h = 35,000 £2.79111 be M = 2.80 for P .. = 25409,
Similarly, at 25,000 feet sltitude, this system has suffioient
thrust to acoelerate throgggrn = 1 and eocelerate to X 2 2,80

by operating at 7T c 28 + From Figure 17 it will bde noted
that the .1n183'y!tf t velooity at sea level oscurs at l.i¥°o37
for Tpuax = 30 or 0.32 12 Tpay = 250097, Essentially,
the engine is a self-agoelsrating ram-Jjet with a specific fuel
sonsumption of 1.8 to 2,0 at the high supersonie veloocities,

The maximum cross-mectional diameter of the engine is 34
inoches, the length is 556 inshes. The cross-sectional area of
the comdustion tudbes is 441 square inches or 51.5% of the maxi-
mum oross-sectional area of the engine, The maximum cross-
sectional area of the engine is 6.30 square feet. There are six
oconsentric rows of 32 tubes eagh. The diameters of the tubes
are 2.45", 2,078", 1,75", 1.,40", 1.,15", 0.,95" from the outer to
the inner rows respestively., The length of the tubes are 15¢,
The total dry weight of the engine is aprroximately 900 1lbs,

L

2,5 Leakage lLosses

The leakage losses at the exhaust valve will dbe relstively
smsll. The o time the exhausi valve is closed is during the
pulse compression phase and during durning, During the compreasio
phase, the pressure is low in the tubes and, therefore, very
little leakage will ococur. During the dburning phase, £he
pressure will rise in the tubes and leakage will ascur, On the
other hand, if the feedback system is used by Cuveting the gases
through a channel in the exhaust valve, the only leakage that
would ooour is through the outer periphery of the valve, Also,
any leakage around the exhaust valve is not lost,as a collestion
chamber duass all gases released by the engine to the exit nossle
to produse thrust, Thus it was assumed that the loss in thrust ,/
froewtg{!_;aakcgo is sufficiently -nlll_to be neglected, s

The inlet velve is closed during the burning and disoharge
phases. The worst ocase would ocour 1f the leakage losses were
directly ducted to the outside and ocampletely lost, Actually,
there will be an interflow from one tube to another, and the
only losses will ococur at the outer edges of the inf et Yalve,

~)
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The pressure surrounding the inlet wvalve will be very nearly
the total pressure of the incoming air, Aotually, during the
latter part of the discharge phase, the leakage will de
reversed and air will flow into the tubes.

A hypothetioal case under the worst conditiona will have
the following assumptions:

1. The total air lost tarough leakage at the inlet wvalve
will be due to some flow during the disoharge phage.

2. The leakage flow is campletely lost to the atmosphere
by each individual tube,

3. The leskage area will be that formed at the periphary14
of easch tube for & valve colearance of 0,005". |

4. The amount of flow losg due to leakage will be given
by the amount of flow diseharged at the exit multi-
plied by the ratio of lesckage srea to discnarge nozzle
ares of easch tube,

For the smalleat tubes (diemeter = 0,95 inches), the per-
oentage of the discharged flow lost through leakmge is

Area o% leakage - _IT £0.9% X 0005 x 0O = 21 %
Area o soharge * /4 X 0.95% '
For the largest tubes (diameter = 2.45 inches), this loss

Area of %eaka;g e I X 245X 0005 x 100
Area o rge ~ /4 X 2459 = 0.84%

The above figures indicete that 2,1% to 0.84% of the air dis-
charged during the exhaust phase is lost through leakege, Since
about 70% of the total air is discharged duwring the exhaust phase
and ainoe only the tubes at the periphery of the valve lose tligir
air directly to the outside, the leakage losses will amount to
only 1% of the total mess fiow through the engine, Sinos the
assumptions used to oalculate ths losses are quite conservative,

it was decided that these losses could be negleoted.
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SECTION IIX
ANALYSIS OF THE DESIGN OF COMBUSTION TUBES

3.1 ZIybe Strustures

At the preaent stage of the Pulse-Det-Jet engine design
and development, it is not known what the necessity is for high
ocombustion tudbe wall temperatures in order to minimize possible
ignition lag end provide good comdbustion effioilency. The possi-
bility exists that an uncooled tube struocture may prove desirable
in order to cause a rapid conversion of the flame ignition into
a detonation oombustion wave,

Possible cooled strustures were analyzed simultaneously with
uncooled struoctures to estimate comparative advantages and dis-
advantages and optimize the theoretioal design as rapidly as
possidble., As volume and weight sre eritical and an inexpensive
struotural material is desirable, the field of present possible
structural materials for an uncooled struocture is very limited,
In uncooled struotures, the following materials were oconsidered:

(1) Zirconium Boride plus Nickel (Ameriocan Electro Metals
Corporation) .

(2) Metamic -~ LT - 1 (Haynes Stellite Div,, Union Carbide
and Cardon Corporation)

3) Graphite - EBP (National Carbon Company)

4) Graphitar (The United States Graphite Company)

b) Stabilized Ziroonium Oxide (The Norton Company)

6) Silicon Carbide (The Carborundum Company)

The following materials were considered for poasidle use in cooled
structures:

(1) SAE 4130 Heat Treated

2) Stainless 19-9 DL

3) Haynes Alloy No. 26 (Haynes Stellite Division)
(4) Kentanium K151A (Kennametsal, Ihe,)

Initial ealouletions were made to determine the equilibrium
temperature of the uncooled tubdbe exit considering only the flow
through the tude, The losal tube heat transfer coefficients were
galoulated, using turbulent flow heat transfer formuls for tubes.
(See Reference (6))e -

_ o036 (R)™
h % F','..H.S R Ry, (l*-*)

heat transfer ooeffioient = BIU/hr/sq £t/OF

]
% thermal oondustivity of gas = BTU/nhr/ft/OF
S tube diameter = feet

oUw >

&
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» Ry

Pr = Prandtl Number of gas {(local) (Aimensionless)

" Reynolds Numbder of flow with rtsgoot to
the tudbe diameter (dimensionleas

The most recent extrapolations of thermal oconduetivity and
visoosity of air by Keyes (See Reference 6) were usad.

At a maximum combustion chamber temperature and pressure of
3000° F and 400 !ll, respectively, it was found that the equi-
1ibrium tudbe wall temperature would be 27000 ¥, This high un-
¢ooled tudbe wall temperature results from the exhaust flow hest
transfer coesffioients being adbout twice ths scavenge flow heat
transfer coeffiocients and from the applied Adurations (the soeveng-
ing zertion of the engine cyocle amounts to only one-third the
duraetion of the exhaust flow ocondition at the tube exit). The
uncooled equilidrium tube wall temperature decreases along the
tube from the exit to the forward end ef the tube in a fashion

~ substantially pro{ortionsl to the duration of hot exhaust flow
at the place involved in the tube. It was found that longitudi-
nal heat transfer through the metal or oceramioc wall could be
neglected in somparison to the oconvestive surface heat transfer.
An equilidbrium wall temperature only a few hundred degrees above
“the total inlet air temperature should exist at the forward end of
the'tudbe,

lﬁ 3.2 Cooled Tube Struotures

The required heat transfer in an externally air cooled tube
design for high Mach number low altitude operation was then oal-
oulated assuming & mean tube temperature of 1100° F and a tube
material of heat treated 4130 steel. ilthough an average flow
of only 5% of the total air flow passing through the tubes is
required to absord the required heat flow from the surface of the
oombustion tudes (tempers ture rise of only 130 degrees in this
external air flow), the external surface area of the combustion
tubes is far too small to transfer the required heat flow.
Designs oonaidoring tube finning and special oross flows failed
by a larg: margin to allow external air ocooling of a simple metal
tu{: ?o oconsidered (partioularly in the region of the tube
u . [ ] [3

Regensrative fuel cooling of the 4130 tubes was then con-
= sidered, The maximum allowable wall temperature is low as
looal fuel vaporization must de prevented, Under this condition,
the required heat adsorption dby the fuel is adout three times
the smount that may de adsorbded by the fusl without veporization
at reasonadly high pressures( ~ 350 psi). Reoiroulation of the
fusl to an inlet air heat emchanger was not attrasctive on the
basis of the trapped fusl and heat exchanger weights as well as
{ tg. }argo pump requirements and general design engineering eom-
“ plexity.

Composite metal-coramiec strustures were oonsidered in order
to redusce the required heat flow to an external sooling air flow.
13
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A fundamental difficulty exists in the proper distridution of
stresses with large changes in operating temperature, The mean
expansion of the mefal tude surrounding a ceramiec liner could
be matched (at least in theory) for ons temperature profile dut
not for another, Enamel-type coatings sppear to be temperature
limited to about 1800° F top operational temperature at the
present, and are econsequently unsuitadle in this application,

A struoture conteining both a 6ooled and unecoled portion
was given soms thought., As compressive strengths of many
materials are mush greater than their tensile strengths
(partioularly at high temperature), an uncooled combustion tube
was considered to be externally pressurized by high pressure
air contained in a surrounding metal tube. The surrounding
metal tube was 000led by a small external air flow as the heat
flow to the metal from the uncooled inner tube may be shown to
be quite small. The bduekling strength of the.inner unscooled
tube was camputed by formulae given by R. G. Sturn (Referensce 7)
or S. B, Batdort (Reference 8). Such a composite strusture
aoctually gave min total tubde weights, dbut the scheme appears
undesiradble on thd dasis of the mechanieal attashment complexity
of pressurizing lines and diffioulty of ensuring reasonable
stable leakproof operstion on the high pressure air. 1In addition,
some source of high pressure air or gas is reguired.

Other materials considered for the proposed cooled strusture
present fundamentally the same problems as in the case of 4120.
Since it is desired to have sombustion chamber temperatures in:
oxcosa of 3000° ¥, improvement {n the material properties at
2000® F level does not mean too mush in this design.

3«2 VUnoooled Tudbe Structures - General

A oomdbustion tube atructure oomposed of uncooled tubes
capable of taking the required pressurse loads at high tempers-
ture would be most desirable., A review of the material prop-
erties of uncooled tude material follows.

Ziroonium Boride plus niokel appears to be the most suit-
able material exoept that it is presently being made on only a
laboratory seale. (Reference 9). However, it is oxidation-
resistant &t very high temperatures, has the excellent rupture
strength of 100,000 psi at 2400° P, and is very thermal shock-
resistant, Rupture strength represents a combined effect of
compressive and tensile strengths, and it may be that the
tensile strength is oonsiderabdbly ioea than the rngturo strength,
However, even 20,000 psi tensile strength at 2400% P would de
most exgellent. The thermal condustivity of Zirconium doride
is in the range of the alloy steels and its density is only
two-thirds that of steel., Experiments which plunge samples
heated to 4710° P into water with no material frasture demon-
strate its excellent thermal shock properties. More information
is being sought of American Eleotro Metals Corporation to
determine the feasibility of using Zireonium boride jubes as the
combustion dusts of the Pulse-Det-Jet engine., Presently laoking
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is information on its elastic modulus, expansion coefficient,
speoific heat, and oreep strength data up to high temperatures.

Matamioc becomes quite weak at elevated temperatures
(L7-1 has a tensile strength of 3400 psi at about 2400° F), (See
Reference 10), and the tensile strength versus temperature
deareases in a fashion such that very little strength would be
expected at 3000° F, In addition, the thermal and mechanical
shock stability of Metamio, though better théan many materials,
does not appear good enough for the rigorous conditions imposed
by this engine,

Graphite has exoellent thermal shook properties, but is low
in thermal strength and oxidizes in air above 7009 F. i.owever,
graphite inoreases in tensile strength and in elastic modulus

with an inorease in temperature up to about 4500° F, (lee Reference

(11), (12}, In sddition, it is known (verbal communication) that
graphite can be coated with molybdenum disiliocide or silicon
oarbide to form a thin oxidation-resistant coating which is
adherent over a wide temperature range. The molybdenum disili-
0ide coating is less rough than the silison carbide coating and
would probably be preferadble in this application. A design
tensile strength of 3000 psi is considered at high temperatures
for a graphite structure similar to iEBP of the Nzutional Carbon
Company. Such a struoture appears treoreticslly feasible and is
presently considered in the design of the Fulse-Det-Jet Zni-ine
with the possibility of Ziroconium Boride tudbes as an alternate
tube material, The required wall thickness to diameter and
length retios are lesa than those easily available, but it is
believed thicker pleces could be molded and turned down to the
required thiokness. The coetings on individual tubes and their
strzngth could be tested before assemdbly and defective tubes dis-
garaed.,

Graphitar is the trade name of the U.S. Grapaite Company
for their graphite-carbon mixtures. A wide range of material
properties may be achieved, but the largest values of tensile
strength are obtained on the purest graphite samples. Lower
thermal condustivity may be obtained by the addition of cardon
with a sacrifice in thermal strength. Grephite-carbon bodles
offer no theoretieal advantage for use as uncooled combustion
tubes as compared to pure graphite bodies,

Stabilized Ziroonium Oxide of the Norton Company (heference
13) apparently has many desirable properties for use at high
temperatures, dbut it is highly dubious that it is sufficiently
thermel shook resistant as its thermal oondustivity and specific
heat are low.

Silicon Carbide hus an excellent thermal‘oonduotixity, but
its modulus of rupture is only 800 to 3125 psi at 2460° F
(Reference 14), so that thick walls must be used in such pro-
posed ocomdustion duwots,
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3.3 Thermal Shook Considerations

As thermal shock properties often apgear to bo eritical
in the design of the uncooled comdbustion tubes for the Pulse-

Det-Jet engine, & review was made of existing thermal shock

or stress theory. A recent article by C. N. Cheng {Keference
15) shows good oorrelation between theory and experiment con-
cerning the thermal shock failure of flet plates. Timoshenko
(Reference 16) gives a thermal stress analysis for tubes as
well as flet plates that does not anslyze in detail the temperu=
ture gradientg that result as a consequence of the resistance
fastor (R = x/hb), ag shown by Cheng, but formulates tie ther-
mal stress equation to &«llow the determination of stresses for
any aasumed or calculeted temperature gradient. Now transient
heat transfer oharts (Reference 17) allow the temperature pro-
file in a material to be determined readily so than an approxi-
nmate conservetive temperature iifference is obtained for use

in Timoahenko's formula for thin wall tubes:

9
"

thermal stress = psi

By
'
it

thermal expangion cosefficient =

. XE
e 2 Z, - U; inches/incn/°F

E = lodulus of klasticity = psi
AT = Temperature difference = OF

Vv = Poisson's Katic = dimensionless

The tube tensile strength at the locul temperature must be
greater then the thermal stress to prevent fracture,

T'igure 19 gives representative temperature wnd strass pro-
files in an uncooled tube wall as determined by tne flight
ocondition. It mey be perceived that the moust critical thermsl
gtress will exist in a tube wall at the oessation of comjuation
at the highest f£1li ht speed and lowest ultitude. The thicker
tne tube wall, the larger mey bYe the maximum internal tube
pressure, as given by the conventional hoop stress fomuls for
thin tubes:

1)

tensile atress = psi
tube redius = inches

1"

tube tulckness = inohesn

pressure differential zcross tube
wall = psi

v o+ 3 9
"

1
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However, the thioker the tube wall, the greater will be the
temperuture difference, AT, upon starting and stopping combus-
tion with resulting greater thermal stresaes. Upon cessation
of combustion in an uncooled tube, the outer tube fibers at
high temperature are put into comprassion as the inner tube
£ibers seek to contrast upon cooling wnd are prevented beocause
of adherence to the outer tube fibers, Thus the inner tube
fivers sre put into tension at an initially hig temperature.,
Upon heating the tubes initially by the combustfon, the inner
tube fibers are put into compression, the initially cold outer
tube fibers in tension. The difference in the material tempera-
ture level should make the cessation of combustion ocase the most
oritioal.

Figure 20 summarizes availeble information on various high
temperature materials. It is obvious that more information is
required to accurately evaluate combustion tube material on a
theoretical basis as to thermel stressing. However, using this
tnformetion and making sducated guesses of the unknown quantities,
the caloulation of approximate required tube thiockness and thermal
stress as a stringent cooling requirement is allowed. The results
of these caloulations are presented in Figure 21. {Churts for
trensient heat transfer in flat plates were used to determine the
maximum thermal stress in the tube wall. (See Reterence 17).

For the present wall thiokness to dismeter ratios used, tnis is

a good approximation., The temperature profile versus redius was
then plotted and the temperature differenae obtained., Timoshenko's
formule was then used to obtain the maximum stresses (Reference 16).
It is believed that the caloulations are conservative, even by &
factor of two, as some material varietions in specifio heat and
thermel conductivity with temperature have been neglected as well
as the easing of locul temperature gradients oczused by preheating
of boundary leyer air by the preceedins tube areas and an inter-
mittent air flow (flow occurs only 50/ of the time, whereas steady
state flow hus been assumed in the thermal stress galculation).
From Figure 18, it is perceived that only graphite or Zirconium
Boride plus nickel may be considered in this application on the
basis of the thermal shoock saloulations. Thermal shock ctloule-
tions for silioon oarbide, Letamic LT-1, and Kentanium K-151A were
not made, as their properties at 3000° ¥ are not sufficiently

good to warrant serious oonsideration, '

.
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SECTION IV
EXPERIMENTS ON DETONATICON

4.1 Experimentel ipparatus r'J

A shook tube has been set up in whioh the detonation
of fuel/air mixtures by means of shock waves can be investi-
gated., A simple layout sketoh of tue sppearatus is shown in
Figure 22, This tubs is enclosed in a 4-inch pipe casing
for safety precautions. The right end of the detonation
tube is left open and a window in the 4-inch casing makes
it possidble to observe the cpen end of the detonuation tube,
Pressures up to 100 psi gage have been used in the campress-
ion chamber. :ith this pressure,when the cellophane dia-
phragm bre:ks,a shook wave heving & pressure ratio of 2.40
is propogated through the detonution tube, The detonation
tube is filled with the fuel/air mixture and the observation
of & flash at the open end of the detonation tube will indi-
cate that a detonetion wave has been initiszted by the shock
wave,

The results of these experiments will be reported in the
next progreas letter.
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